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Natural ﬁbre based composites are garnering attention owing to their optimal trade-off between me-
chanical properties and environmental sustainability properties. It has been proposed that they could
potentially replace synthetic and mineral ﬁbre composites due to their minimized impact on human
health and the natural environment. Though several studies have been dedicated to understanding
certain mechanical properties like strength and fatigue life, fewer reported studies have focused on their
response to impact or shock loads. In the present work, we have performed shock tests using a shock
tube on ﬂax/epoxy and ﬂax/polypropylene unidirectional and cross-ply laminated composites. The ob-
jectives are, to compare the blast-resistance of polypropylene against epoxy in their use as matrix in ﬂax
ereinforced composites, and, secondly to assess the performance of cross-ply over unidirectional ﬁber
orientation. The present results showed that the cross-ply samples retained their structural integrity at
peak pressures that were sufﬁcient to break unidirectional samples, indicating that cross-ply samples are
superior candidates for applications where shock loading needs to be factored in. Furthermore, we also
qualitatively assessed the failure modes predominant in each of the studied orientations.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Natural ﬁber based composites are becoming increasingly
popular in the manufacture of products like automotive interiors
[1,2], protective casings for electronic devices, as reinforcements in
the building and construction industry [3e6]. More recently, they
have been attracting attention as a viable and ecologically friendly
substitute for mineral and synthetic ﬁber composites. Though it is
true that their mechanical properties have been reported to be
somewhat poorer than their mineral and synthetic ﬁber analogues,
natural ﬁber based composites possess several merits that make up
for these shortcomings. For instance, natural ﬁber composites are
carbon dioxide neutral (thus making them environmentally
friendly), less expensive, recyclable, biodegradable, non-abrasive to
machinery, and pose little health risk upon inhalation [7]. In the
light of these advantages, signiﬁcant amount of research is being
directed at assessing the material properties of natural ﬁbers andLtd. This is an open access article utheir composites, so that they can be more optimally applied in
designing and manufacturing products that are both environmen-
tally benign, durable and of high quality [8e10].
Impact-related tests on composite specimens can be conducted
in various approaches, for example, by the controlled detonation of
explosives, dropping weights, ﬁring projectiles, shock tubes, etc.
Each method has its own advantages and disadvantages, especially
pertaining to the nature of the impact being administered to the
specimen. For example, the detonation of explosives, while rela-
tively easy to perform, creates difﬁculties in predicting and
measuring the incident pressures, due to the complex wave fronts
typically created [11,12]. On the other hand, shock tubes have been
adopted in several impact studies [13e16] owing to the fact that
they enable the generation of plane wave fronts with fairly pre-
dictable and controllable parameters. The working principle of a
typical shock tube is very succinctly described as follows [11]: it
comprises a long rigid cylindrical tube, typically made of metal,
with a gas at high pressure and a gas at lower pressure separated by
a diaphragm. The high pressure region is called the driver section,
while the low pressure region is called the driven section. The
specimen to be tested is constrained (usually, clamped) at the endnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and a wave front propagates down the length of the driven section,
eventually impacting with the specimen. Sensors are placed at
appropriate locations to measure various parameters like the gas
velocity, density, temperature, specimen deﬂection, etc.
In the present work, we have performed shock tests using a
shock tube on ﬂax/epoxy and ﬂax/polypropylene composites
manufactured with ﬁbers in both unidirectional and cross-ply ori-
entations. The main intention is to compare the impact perfor-
mance of ﬂax thermoplastic and ﬂax thermoset composites.
Subsequently, we have also attempted to qualitatively assess the
failure modes predominant in each of the studied orientations.
2. Materials
2.1. Thermosetting preparation
The vacuum assisted resin infusion technique (VARI) was
employed to manufacture the ﬂax/epoxy specimens. The Epoxy
Epolam 5015 resin and hardener was supplied by Axson Technol-
ogies while the unidirectional (UD) ﬂax ﬁbre tape with area density
of 200 g/m2 was purchased from Lineo (Belgium). Layers of UD ﬂax
ﬁbers with dimensions of 270 mm by 270 mm were cut out and
dried at 80 C for 24 h in an oven, before cooling down to room
temperature. The layout sequence of the ﬂax ﬁber layers will
determine the overall UD or cross-ply (CP) orientation of the
composite sample. Next, they were placed on an aluminum plate
used as a mould and then sealed in a vacuum bag. The epoxy resin
was mixed with hardener and subsequently degassed in a vacuum
oven at room temperature for 15 min to remove air bubbles, after
which it was drawn through an inlet tube into the bag to infuse and
wet the ﬁbers. Once the ﬁbers were completely impregnated by the
resin, the sample was cured at room temperature for 24 h before
demoulding. Finally, the sample was subjected to a post-curing(a) (b)
INLET GAS 
PRESSURE
Diaphragm
Driver Shock wave
(c)
Fig. 1. (a) Shock tube test set up; (b) Interior of the chamber showing the clamped specimeprocess at 80 C for 16 h to obtain a completely cured matrix.
2.2. Thermoplastic preparation
The compression molding process was employed to manufac-
ture the ﬂax/polypropylene specimens. The Polypropylene Titanpro
SM240 with a density of 0.9 g/cm3 was supplied by Lotte Chemical
Titan (Malaysia). Layers of polypropylene sheets and ﬂax ﬁbers
with dimensions of 450mm by 450 mmwere trimmed and stacked
in sequence within a stainless stain mould that had been treated
with release agent, before sending it into a platen press, Collin Press
P500 P (Germany). Inside the platen press, the ﬁber and polymer
stack was processed at 180 C under 5 bar for 10 min, followed by
an increased pressure of 20 bar at 190 C for 10 min, before cooling
down to room temperature.
3. Experimental methodology
3.1. Procedure
The shock loading test is performed using a shock tube facility at
the National University of Singapore, with helium as the driver gas.
The tube has a total length of 4.6 m, consisting of a 1.3 m long driver
section and a 3.3 m long driven section, with a chamber at the end
of the shock tube to house the test samples (see Fig.1). Mylar sheets
and vacuum bag ﬁlms are used as diaphragms for their ability to
burst at fairly consistent pressures. Additional mylar sheets or
vacuum bag ﬁlms can be added to increase the bursting pressure.
Kistler pressure sensors were mounted just before the clamping
plates to record the peak pressure incident on the test samples. This
shock tube has been used successfully in previous works [17] to
generate shockwave loading on shear thickening ﬂuid (STF) treated
fabric.
Square samples of size 120 mm by 120 mm are fully clampedClamped Specimen
 propagaƟng into the Driven SecƟon
Boundary CondiƟon
Kistler Pressure sensor
n; (c) Schematic of the shock tube test set up and the mentioned boundary condition.
Table 1
Experimental parameters for shock tube test of ﬂax/epoxy specimens.
Sample Average thickness (mm) Type of diaphragm Bursting pressure at diaphragm (MPa) Peak incident pressure (MPa)
UD1_FF_EP 2.08 1 MS 0.565 0.569
UD2_FF_EP 2.02 2 VC 0.148 0.177
UD3_FF_EP 2.06 5 VC 0.255 0.255
UD4_FF_EP 2.05 7 VC 0.352 0.368
CP1_FF_EP 2.10
7 VC 0.352 0.348
1 MS 0.579 0.569
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subjected to the shock waves. Four UD ﬂax/epoxy composite
specimens with ﬁber volume fraction (Vf) approximately 27%
(labeled UD#_FF_EP), one CP ﬂax/epoxy composite specimen with
Vf of 28% (labeled CP#_FF_EP) and eleven UD and CP ﬂax/poly-
propylene composite specimens with 28% Vf (labeled UD/
CP#_FF_PP) were tested. A typical pressure history proﬁle captured
by the Kistler pressure sensor is shown in Fig. 4.
3.2. Results and discussions
The experimental parameters for the shock tube test are shown
in Tables 1 and 2. The bursting pressure at diaphragm and the peak
incident pressure are measured in the units of psi and bar respec-
tively and subsequently converted to the units of MPa, to an ac-
curacy of 0.001 MPa, for easier comparison. The use of vacuum bag
ﬁlms (VC) as diaphragm is noted to be able to create a much lower
bursting pressure than Mylar sheets (MS) as it is weaker. Different
bursting pressures can be achieved through the combination of
stacking vacuum bag ﬁlms and Mylar sheets as shown in Table 2. It
can be observed the fracture strength of ﬂax/epoxy specimens are
lower than its yield strength as seen by its brittleness and lack of
plastic deformation (see Fig. 2). Hence, only ﬂax/polypropylene
specimens have its percentage of indentation measured.
Figs. 2 and 3 show how the shock wave impact resistance and
the damage mechanism vary with ﬁbre matrix type and ﬁbre
orientation. Test sample UD1_FF_EP showed little ﬁbre pull outTable 2
Experimental parameters for shock tube test of ﬂax/polypropylene specimens.
Sample Average thickness
(mm)
% Indentation
UD1_FF_PP 2.05 3.90
UD2_FF_PP 2.06 13.11
UD3_FF_PP 2.10 32.86
UD4_FF_PP 2.05 26.83
UD5_FF_PP 2.05 Shattered into 2 fragments
UD6_FF_PP 2.05 60.49
UD7_FF_PP 2.00 Shattered into 2 fragments
UD8_FF_PP 2.04 Shattered into 2 fragments
UD9_FF_PP 2.09 145.45
UD10_FF_PP 2.02 Shattered into 3 fragments
UD11_FF_PP 2.05 Shattered into 3 fragments
CP1_FF_PP 2.35 6.38
CP2_FF_PP 2.35 55.32
CP3_FF_PP 2.04 56.37
CP4_FF_PP 2.08 88.94
CP5_FF_PP 2.05 100.49
CP6_FF_PP 2.08 98.08
CP7_FF_PP 2.07 100.00
CP8_FF_PP 2.01 Shattered into 2 fragments
CP9_FF_PP 2.10 81.43
CP10_FF_PP 2.05 95.12
CP11_FF_PP 2.05 Shattered into 2 fragmentswhen shattered into smaller fragments under the shock wave of
peak amplitude 0.569 MPa. Test sample UD2_FF_EP experienced
little to no visible damage at 0.177 MPa, while UD3_FF_EP man-
ifested a few visible cracks at the ﬁbre/matrix interface at the
boundaries where shock wave stress concentration built up, and in
the middle when subjected to 0.255 MPa. Test sample UD4_FF_EP
sufferedmore damage than UD3_FF_EP at 0.368MPa shock loading,
with two cracks running through the middle and one propagated
transversely across the ﬁbre. On the other hand, sample CP1_FF_EP
experienced no visible damage at 0.348 MPa, but cracked at
0.569 MPa along the boundaries e the same pressure which shat-
tered test sample UD1_FF_EP. In CP1_FF_EP, the stress concentra-
tion around the boundary was sufﬁciently high to cause matrix
cracking along the ﬁbre directions resulting in crack propagation
along both directions as seen on the top and bottom surface
(Fig. 2e).
Fig. 3 shows the ﬂexural ability of ﬂax/polypropylene samples.
Test sample CP1_FF_PP was subjected to a blast load of 0.424 MPa
and shows plastic shock of 6.38% indentation along the boundary
condition. Test sample CP6_FF_PP experienced similar damage but
with just a few additional slight cracks even though it was exposed
to 56.6% more intense peak amplitude shock wave pressure
loading. Test sample CP7_FF_PP was exposed to 71.9% higher shock
wave peak amplitude pressure loading and manifested a few deep
cracks around the boundary condition with an indentation of
95.12%.
Even though test sample UD1_FF_PP was subjected toDiaphragm Bursting pressure at
diaphragm (MPa)
Peak incident
pressure (MPa)
5 VC 0.310 0.257
6 VC 0.414 0.301
7 VC 0.421 0.359
0.386 0.404
8 VC 0.455 0.423
0.471 0.456
9 VC 0.478 0.460
10 VC 0.566 0.525
0.593 0.545
1 MS 0.710 0.643
1 MS þ 5 VC 0.903 0.925
7 VC 0.434 0.424
1 MS 0.579 0.602
1 MS þ 1 VC 0.689 0.570
0.717 0.635
1 MS þ 2 VC 0.752 0.677
0.745 0.664
0.752 0.729
1 MS þ 3VC 0.807 0.807
0.656 0.639
1 MS þ 4 VC 0.855 0.636
2 MS 1.124 1.049
Fig. 2. Damaged ﬂax/epoxy specimens due to shock loads of various magnitudes: (a) UD1_FF_EP at 0.569 MPa, (b) UD2_FF_EP at 0.177 MPa, (c) UD3_FF_EP at 0.255 MPa, (d)
UD4_FF_EP at 0.368 MPa, and (e) CP1_FF_EP at 0.569 MPa.
K. Huang et al. / Composites Part B 102 (2016) 78e85 810.257MPa, it only suffered from a plastic shock of 3.90% indentation
with no visible cracks. On the other hand, sample UD3_FF_PP
received 0.359 MPa and suffered from a single crack running along
the ﬁbre direction close to the center of the specimen. Lastly,
UD9_FF_PP has distinct cracks along the boundary condition on all
four sides as well as along the ﬁbre direction when under the peak
amplitude pressure of 0.545 MPa.
For a given thickness, CP composites have a lower uniaxial
tensile strength and uniaxial tensile modulus than UD composites
as less ﬁbers are aligned along loading axis. However, shockwave
impact strengths (Fig. 5) indicates that CP composites have higher
blast resistance than UD composites. CP ﬂax ﬁbre reinforced poly-
propylene composite can ﬂex 21.1% more than its UD counterpart
and can sustain 71.5% higher impact loading than its UD counter-
part before fracture. The higher fracture toughness of CP is due to
the existence of ﬁbers oriented in the perpendicular direction
which inhibit unstable crack growth, through ﬁber bridging ahead
of a crack tip, hindering its propagation. This is consistent with the
experimental results where cross-ply specimens show systemati-
cally higher shock load resistance than their unidirectional coun-
terparts where failure tends to grow unstably along the ﬁbre
direction as a result of matrix splitting resulting in extensive crack
growth across the specimens.
Due to the brittleness of epoxy over polypropylene, ﬂax/epoxy
composites displayed no signiﬁcant plastic deformation before
fracture. On the other hand, ﬂax/polypropylene composites expe-
rienced extensive plastic deformation when subjected to the same
or even higher shock load, concaving up to 57% of its own thickness
(depending on ﬁbre orientation) before breaking with signiﬁcant
delamination. There are a few possible explanations for the dif-
ferences in the damage mechanism between ﬂax/epoxy and ﬂax/
polypropylene composites.
Firstly, ﬂax/epoxy composite has collapsed under shock impact
with no visible plastic deformation. It is due to the brittle behavior
of epoxy and having poor resistance to crack propagation andgrowth. The matrix breaks off rather than yield under shock load as
shown in Fig. 2a. Flax/polypropylene composite displayed better
shock impact resistance which may be related to the ductility of
polypropylene together with delamination occurrence which ab-
sorbs energy before fracture. This type of behavior has also been
reported for carbon ﬁbre reinforced polymer (i.e., polypropylene
and epoxy) composite that has underwent Charpy impact test [18].
Since it is debonding that leads to delamination, the comparison of
ﬁbre polymer matrix interfacial energy as well as the adhesion
properties would explain (see Table 3).
The adhesion at the composite interface generally described by
following main interactions: physico-chemical interactions related
to wettability and physical adhesion (e.g. van der Waals forces,
acid-base interactions, hydrogen bonds), chemical bonding (cova-
lent bonds) and mechanical interlocking created on rough ﬁbre
surfaces [19]. In order to estimate the interfacial adhesion of
studied composite systems, physical interaction and practical
adhesion of both ﬂax/epoxy and ﬂax/polypropylene were deter-
mined. Work of adhesion of the composites, which quantitatively
reﬂects physical adhesion, was calculated based on surface energies
of ﬁbre and polymer matrix. Using surface energies of ﬂax ﬁbre,
epoxy and polypropylene approximately 43.7 mJ/m2, 42 mJ/m2
[20], and 37.3 mJ/m2 [21] respectively, the work of adhesion of the
composites was estimated following Owens-Wendt approach [21]
and presented in Table 3.
When UD composites are tested with the ﬁbres in transverse
direction, the matrix and interface properties will dominate the
ﬁnal composite properties. The transverse strength of the com-
posite can represent the ﬁbre-matrix interfacial adhesion [19]. In
his study, the transverse strength of ﬂax/epoxy and ﬂax/poly-
propylene were also measured and shown in Table 3.
From the results shown in Table 3, both physical and practical
adhesion of ﬂax/polypropylene system are substantially lower than
those of ﬂax/epoxy, which indicates poor ﬁbre-matrix adhesion
between ﬂax and polypropylene. Therefore, both CP and UD ﬂax/
Fig. 3. Specimens subjected to shock waves of various magnitudes: (a)e(c) cross-ply, (d)e(f) unidirectional specimens.
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shock impact as seen in Fig. 6b and c. On the contrary, the high
interfacial adhesion of ﬂax/epoxy could be from the contribution of
chemical bond between the ﬂax ﬁbre and the reactive epoxy. Fig. 6a
shows a piece of the broken test sample UD1_FF_EP with its side
showing clear sign of clean and sharp break off from the main piece
due to brittle epoxy matrix and the strong interfacial adhesion.
CP5_FF_PP has poor wetting of polypropylene across the ﬁbre
layers as indicated by the dry ﬁbre without any polymer in the
opening of the delaminated piece (see Fig. 5b). CP5_FF_PP failed
because of insufﬁcient matrix to transmit the load sharing amongneighboring ﬁbers. When placed over a bright light source, the
cracks present on both unidirectional ﬂax reinforced polymer
composite (i.e., UD4_FF_EP and UD1_FF_PP) run along the interfa-
cial bonding between the ﬂax ﬁbers and the epoxy resin (see Fig. 6a
and c). The ﬁbers acted as the fracture inhibiting mechanism
causing the cracks to propagate along where the ﬁbre-matrix
interfacial bonding lies, which is the weaker part of the compos-
ite. CP1_FF_EP has higher fracture toughness than its UD counter-
part as seen by its ability to withstand 50% higher shock wave
pressure. It has presence of fracture lines around the boundary
where stress concentration is the highest (see Fig. 6b) (see Fig. 7).
Fig. 4. Typical pressure history proﬁle captured by Kistler pressure sensors for ﬂax composites.
Table 3
Work of adhesion and transverse strength of composites.
Composite Work of adhesion (mJ/m2) Trans. strength (MPa)
Flax/Epoxy 79.9 30.6 ± 1.9
Flax/Polypropylene 70.7 15.3 ± 1.2
K. Huang et al. / Composites Part B 102 (2016) 78e85 83Secondly, the tensile strength of polypropylene is approximately
three times lower than epoxy. Debonding could occur when the
matrix fails before the ﬁbre. Delaminationwas further ampliﬁed by
the ductility of ﬂax/polypropylene composite as it cause the ﬁbre to
ﬂex a greater distance pulling the poorly adhered ﬁbers further
apart. Fig. 6d shows that CP ﬂax/polypropylene composite deforms
plastically under shock wave pressure unlike CP ﬂax/epoxy
composite.
Thirdly, Hebert et al. [22] showed that the type of matrix used
has a great inﬂuence on the impact strength of the composites.
They did a drop weight impact test on pure resins and found ure-
thane resin to have superior impact resistance. Although the impact
resistance of epoxy resin and polypropylene are not measured in56.37, 0.5
32.86, 0.359
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Fig. 5. Shows the correlation between percentageeither experiment, it is known to be a brittle and ductile system
respectively. Therefore, epoxy composites will generally be less
tough than polypropylene composites.4. Conclusion
The use of ﬂax composites and their hybrids across various
structural applications are increasing steadily, most notably in the
automotive and construction industry due to their goodmechanical
properties and their excellent environmental friendliness. This
work aimed at investigating the behavior ﬂax composites under
shock loads to explore their potential use in shock-resistant
structures or parts.
Shock tests on ﬂax/epoxy and ﬂax/polypropylene composites in
both unidirectional and cross-ply orientations were conducted. We
observed that CP specimens possess better impact strength than
UD specimens due to their cross-ply ﬁbre orientation. The occur-
rence of damage in the UD ﬂax/epoxy composite specimens was
observed at a signiﬁcantly lower shock load (0.255 MPa) compared
to CP ﬂax/epoxy (0.569 MPa). Similar trend is observed in70
R² = 0.764
80 100 120 140 160
tation
CP_FF_PP
UD_FF_PP
Expon. (CP_FF_PP)
Expon. (UD_FF_PP)
ture
of indentation and the shock wave impact.
Fig. 6. Close up on the damaged composites; (a) UD1_FF_EP, (b) CP5_FF_PP, (c) UD4_FF_PP.
Fig. 7. Propagation of cracks run along the ﬁbre direction between the interface of polymer and ﬂax ﬁbre; (a) UD4_FF_EP subjected to 0.368 MPa, (b) CP1_FF_EP subjected to
0.569 MPa, (c) UD1_FF_PP subjected to 0.257 MPa, (d) CP1_FF_PP subjected to 0.424 MPa.
K. Huang et al. / Composites Part B 102 (2016) 78e8584experiments conducted on UD and CP ﬂax/PP, highlighting that
cross-ply conﬁguration offers superior shock load resistance over
unidirectional ﬁber conﬁguration. We also observed that ﬂax/
polypropylene composite possess superior impact resistance
compared to ﬂax/epoxy composites. At a peak amplitude of
0.664 MPa, extensive plastic deformation appeared on the non-impacted (rear) side of CP ﬂax/polypropylene with no visible
cracks, while CP ﬂax/epoxy composite showed several cracks when
subjected to an even lower shock load of 0.569 MPa. These ﬁndings
suggest that the cross-ply ﬂax ﬁbre reinforced polypropylene
composite is preferable for manufacturing parts for applications
where shock-based impact loads are likely to be encountered.
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